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Studies  on the  dispersion  of carbon  nanotubes  (CNTs)  in  silicon  nitride  (Si3N4)  ceramics  to  provide  the
latter with  electrical  conductivity  have  been  carried  out in  recent  years.  The  density  and  the  strength  of
Si3N4 ceramics  were  degraded,  however,  because  the  CNTs  prevented  Si3N4 from  densifying.  The  CNTs
disappeared  after  ﬁring  at high  temperatures  owing  to  the reaction  between  CNTs  and Si3N4 or SiO2,
or  both  Si3N4 and  SiO2. In order  to improve  the  density  and  suppress  the  reaction,  sintering  aids  for
lower-temperature  densiﬁcation  of Si3N4 are  needed.  In this  study,  we  added  HfO2 as  a  sintering  aid  to  aarbon nanotubes
i3N4
trength
lectrical conductivity
Si3N4–Y2O3–Al2O3–AlN–TiO2 system  to fabricate  CNT-dispersed  Si3N4 ceramics  at lower  temperatures.
Furthermore,  bead  milling  was  applied  to  disperse  the CNTs homogeneously.  Agglomerates  of CNTs  were
pulverized  by bead  milling  without  obvious  changes  in morphology  to eliminate  larger fracture  origins
in  CNT-dispersed  ceramics.  As a result  of  both  the  addition  of  HfO2 and  bead  milling, we  successfully
fabricated  dense  CNT-dispersed  Si3N4 ceramics  with  high  strength  and  electrical  conductivity.
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w. Introduction
Silicon nitride (Si3N4) ceramics have excellent mechanical,
hemical, and thermal properties, which include high strength,
igh toughness, high hardness, high corrosion resistance, high
eat resistance, high heat conductivity, and electrical insulation.
hey have been applied to structural components such as bearings,
ngine parts, gas turbines, and cutting tools [1–3]. As Si3N4 itself
s an insulator, conventional Si3N4 ceramics are also insulators. In
ome cases, electrical insulation of the Si3N4 ceramics attracts dust
asily owing to static electricity, which then reduces the life time
f bearings, particularly in tribological applications. One approach
o solve this problem is to make the Si3N4 ceramics electrically
onductive. Some of the studies on electrically conductive Si3N4
eramics used the ionic-conductive glassy phase or added conduc-
ive particles such as TiN or SiC [4,5]. The mechanical properties∗ Corresponding author. Tel.: +81 45 339 3959; fax: +81 45 339 3957.
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f these Si3N4 ceramics are insufﬁcient for structural applications,
owever.
Carbon nanotubes (CNTs) have high electrical conductivity, high
trength, high elastic modulus, high thermal conductivity, and high
spect ratio [6–8] and they are used as ﬁllers for ceramic com-
osites [9–11]. When CNTs are dispersed in the sintered body,
lectrically conductive paths are formed by the small amount of
NTs [12,13]. Studies to give Si3N4 ceramics electrical conductivity
y dispersing CNTs into their structures have been carried out in
ecent years [14–16]. A common approach uses direct mixing by
all milling ceramic powders with carbon nanotubes and sinter-
ng the powders using hot-pressing [17] or spark-plasma sintering
SPS) [18–21]. In our previous studies, the electrically conduc-
ive Si3N4 ceramics were fabricated using gas-pressure sintering
GPS [22]) as a conventional sintering method [23,24]. The CNTs
nhibited densiﬁcation in the sintering process, and they reacted
ith Si3N4 and SiO2 at higher temperatures [12]. The gases gener-
ted from the reaction also suppressed densiﬁcation of the Si3N4
eramics, and the added CNTs disappeared during ﬁring [24]. In
rder to suppress the reaction and the disappearance of CNTs, a
ensiﬁcation process at a lower temperature was necessary. We
ocused on HfO2 as a sintering aid because it promotes the den-
iﬁcation of Si3N4 on the account of the reaction between HfO2,
2O3, and SiO2 at around 1600 ◦C to generate a liquid phase [25,26].
ompared to other sintering aids, HfO2 makes it more likely for the
i3N4 ceramics to be densiﬁed at lower temperatures. As a result, by
ring at lower temperatures, suppression of the disappearance of
NTs resulted in the dense CNT-dispersed Si3N4 ceramics with high
lectrical conductivity [27]. The bending strength of CNT-dispersed
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i3N4 ceramics was degraded, however, because of the presence of
arger fracture origins resulting from the agglomerations of CNTs. It
s well known that CNTs easily form strong agglomerates owing to
an der Waals forces serving as the attractive intermolecular forces.
he agglomerates of CNTs induced large defects, which degraded
heir mechanical properties. For this reason, homogeneous disper-
ion of CNTs is needed to improve the strength of CNT-dispersed
eramics. Among several types of mechanical processes for the dis-
ersion of nanoparticles, bead milling is well-known as an effective
echnique to disperse nanoparticles using a ﬁne grinding medium
<1 mm).  Yoshio et al. reported that bead milling led to well pul-
erized agglomerates of CNTs, which were uniformly dispersed in
thanol [28]. In this case, the bending strength of CNT-dispersed
i3N4 ceramics was improved; however, the electrical conductivity
ecreased. The objective of this study is to fabricate CNT-dispersed
i3N4 ceramics with high strength and electrical conductivity at the
ame time by adding HfO2 as a sintering aid for lower-temperature
ensiﬁcation and by bead milling to disperse the CNTs homoge-
eously.
. Experimental procedure
Multiwalled carbon nanotubes (VGCFsTM, Showa Denko Co.,
apan) with an average diameter of 60 nm and an average length
f 6 m,  were used in this study. These as-received CNTs formed
trong agglomerates or bundles through attractive intermolecular
orces. The CNTs were dispersed in ethanol by bead milling. CNTs
0.2 wt.%) were added to ethanol with polyethylenimine (EPOMIN
P-103, M.W.  = 250, Nippon Shokubai Co., Japan) as a dispersant.
he amount of the added dispersant was 0.5% of the weight of
thanol (CNTs). After premixing the CNTs and ethanol by ultrasonic
rradiation for 20 min, bead milling (Minicer, Ashizawa Finetech
td., Japan) was applied to the premixed CNT suspension for 2 h at
000 rpm. The medium used in this study was Al2O3 beads mea-
uring 300 m in diameter.
CNT-dispersed Si3N4 ceramics were fabricated using the CNT
uspension prepared by bead milling. The basic chemical composi-
ion of the sintering aid was 5 wt.% Y2O3, 3 wt.% Al2O3, and 5 wt.%
lN. Either 5 wt.% HfO2 or 5 wt.% TiO2 was also added to this batch
omposition, and the resulting sample was labeled sample H or
ample T accordingly. The CNTs were then added to the ceramics
owder in concentrations of 0, 0.5, and 1.0 wt.%. The powder was
ixed with the CNT suspension by ball milling at 110 rpm for 24 h,
sing Si3N4 balls measuring 5 mm  in diameter. After eliminating
he ethanol, these powders were passed through a 250-m mesh
ieve to obtain the granules, which were molded into green bod-
es. After dewaxing, they were ﬁred at a temperature from 1600
o 1750 ◦C in a 0.9-MPa N2 atmosphere for 2 h. After gas-pressure
intering, hot-isostatic pressing (HIP) was carried out at 1700 ◦C in
00-MPa N2 for 1 h. For comparison, CNT-dispersed Si3N4 ceramics
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b
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Fig. 1. SEM images of the fracture surfaces of sample H’s with 1.0 wt.% CNTs pramic Societies 2 (2014) 199–203
ere also fabricated using ball milling with the same ﬁring condi-
ion.
After machining, the density was measured by Archimedes’
ethod, the phases present were estimated by X-ray diffrac-
ometry (Multiﬂex, Rigaku Corp., Japan), the microstructure was
bserved by scanning electron microscopy (JSM-6390LA, JEOL Ltd.,
apan), the inner structure was  observed by infrared microscopy
BX-51IR, Olympus Corp., Japan), the electrical conductivity was
easured by 4-terminal method. Bending strength was  measured
y 3-point bending test having 30 mm of lower span at 0.5 mm/min
f loading rate using mechanical testing machine (Autograph AG-X,
himadzu Corp., Japan), with the reference to JISR1601. Hard-
ess was  evaluated using Vickers hardness tester (AVK-C1, Akashi,
apan) by loading at 198 N with the reference to JISR1610. Fracture
oughness was  measured by IF method at the same time as mea-
urement of the hardness and it was calculated using the equation
roposed by Niihara [29].
. Results and discussion
Fig. 1 shows the SEM images of the fracture surfaces of two
ample H’s with 1.0 wt.% CNTs mixed by bead milling and ball
illing and then ﬁred at 1600 ◦C. The white tuberous particles that
ppeared to protrude from the fracture surfaces were CNTs in both
f the samples. It was  found that many CNTs remained in the sin-
ered body, which means that even in the bead-milling process,
he reaction between CNTs and Si3N4 or SiO2, or both Si3N4 and
iO2, was suppressed by the addition of HfO2 as a sintering aid.
oshio et al. reported that the morphology of the CNTs remained
nchanged after bead milling [28]. Although bead milling effec-
ively pulverized the CNTs because of the high shear stress, the
echanical damage incurred by bead milling was found to be as
inor as that by ball milling because the reaction should have
ccurred at the defect sites on the CNT surfaces. A comparison of
he fracture surfaces of CNT-dispersed Si3N4 ceramics showed the
andom presence of CNTs in both samples prepared by ball milling
nd bead milling; in other words, the microstructure in a local area
as independent of the milling process.
Fig. 2 shows SEM images of etched surfaces of samples with
.0 wt.% CNTs mixed by (a) bead milling and (b) ball milling, fol-
owed by ﬁring at 1600 ◦C. Elongated -Si3N4 grains were found
n both samples. The size of Si3N4 in the sample prepared by bead
illing was smaller than that prepared by ball milling. Yoshio et al.
eported that CNTs exist at the grain boundaries in Si3N4 ceram-
cs and limit grain-boundary migration in these ceramics [24]. The
NTs were better dispersed in the bead-milled sample than in the
all-milled sample. The larger grain boundaries in the bead-milled
ample further limited grain-boundary movement during sinter-
ng owing to the homogeneous dispersion of CNTs. As a result, a
epared by (a) bead milling and (b) ball milling and then ﬁred at 1600 ◦C.
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MFig. 2. SEM images of the microstructures of the sample H’s with 1.0 wt.% 
icrostructure with ﬁner -Si3N4 grains was obtained by bead
illing.
Table 1 lists the density, bending strength, electrical conductiv-
ty, fracture toughness, and Vickers hardness of sample H’s ﬁred
s
a
G
able 1
echanical and electrical properties of sample H’s prepared by bead milling or ball millin
(a)
Process Bead milling Ball milli
CNT quantity (wt.%) 0.5 1.0 0.5 
Relative density (%)
Upper: GPS
(Lower: HIP)
97.4
(99.8)
96.5
(99.6)
94.8
(99.5)
Bending strength (MPa) 1086 980 953 
Electrical conductivity (S/m) 1.5 × 10−4 5.6 10 
Fracture toughness (MPam1/2) 7.1 7.1 6.8 
Vickers hardness (GPa) 15.4 14.8 15.0 
(b)
Process Bead milling 
CNT quantity (wt.%) 0.5 1.0 
Relative density (%)
Upper: GPS
(Lower: HIP)
97.1
(99.4)
95.4
(99.3)
Bending strength (MPa) 1083 871 
Electrical conductivity (S/m) 1.5 × 10−4 6.9 
Fracture toughness (MPam1/2) 7.5 7.5 
Vickers  hardness (GPa) 15.2 14.8 
(c)
Process Bead milling 
CNT quantity (wt.%) 0.5 1.0 
Relative density (%)
Upper: GPS
(Lower: HIP)
97.8
(99.8)
94.3
(99.4)
Bending strength (MPa) 983 934 
Electrical conductivity (S/m) 1.5 × 10−4 10 
Fracture toughness (MPam1/2) 7.5 7.5 
Vickers  hardness (GPa) 15.2 14.8 
(d)
Process Bead milling 
CNT quantity (wt.%) 0.5 1.0 
Relative density (%)
Upper: GPS
(lower: HIP)
97.0
(99.2)
94.2
(99.1)
Bending strength (MPa) 938 853 
Electrical conductivity (S/m) 1.5 × 10−4 11 
Fracture toughness (MPam1/2) 6.8 6.9 
Vickers  hardness (GPa) 15.0 14.7 repared by (a) bead milling and (b) ball milling and then ﬁred at 1600 ◦C.
t (a) 1600, (b) 1650, (c) 1700, and (d) 1750 ◦C. The relative den-
ities of all the specimens were very high: over 94% after GPS
nd over 99% after HIP. In particular, the relative density after
PS was  higher in the bead-milled sample than the ball-milled
g and then ﬁred at (a) 1600, (b) 1650, (c) 1700, and (d) 1750 ◦C.
ng Yoshio et al. [28] (CNT 1.0 wt.%)
1.0 No CNT Bead milling Ball milling
90.9
(93.8)
95.9
(99.9)
98.4 96.2
719 1068 827 642
59 – 1.9 16
8.6 6.9
11.3 15.6
Ball milling
0.5 1.0 No CNT
94.9
(99.5)
94.5
(95.5)
96.3
(99.7)
874 711 982
7.7 50 –
7.1 8.1 7.5
15.5 12.8 15.7
Ball milling
0.5 1.0 No CNT
96.4
(98.7)
93.6
(98.8)
95.9
(98.8)
932 834 866
1.3 48 –
7.2 7.3 7.1
15.4 14.8 15.8
Ball milling
0.5 1.0 No CNT
95.5
(98.2)
94.5
(92.4)
95.9
(98.6)
602 615 750
0.04 15 –
6.9 7.9 8.3
14.9 11.3 12.2
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Fig. 3. SEM images of the origins of fractures in sample H’s with 1.0 wt.% CNTs prepared by (a) bead milling and (b) ball milling and then ﬁred at 1600 ◦C.
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4Fig. 4. IR microscope images of the internal structure of sample H’s with 1.0 w
ample. Inhomogeneous sintering and grain growth resulting from
he inhomogeneous dispersion of CNTs should have degraded
he density of the sintered body. As a result, by adding HfO2 as
 lower-temperature sintering aid and employing bead milling,
ense CNT-dispersed Si3N4 ceramics were obtained after ﬁring at
600 ◦C.
Bead milling also improved the bending strength of CNT-
ispersed Si3N4 ceramics compared with ball-milled samples at
ny ﬁring temperature. The bending strength of a bead-milled sam-
le was as high as those of Si3N4 ceramics without CNTs. The
lectrical conductivities of CNT-dispersed Si3N4 ceramics with 0.5
nd 1.0 wt.% CNTs ﬁred at 1750 ◦C were 1.5 × 10−4 and 11 S/m,
espectively. By using bead milling, the electrical conductivity of
he CNT-dispersed Si3N4 ceramics was developed while maintain-
ng the high bending strength. In this study, the bending strength
nd electrical conductivity of the CNT-dispersed Si3N4 ceramics
repared by adding 1.0 wt.% CNTs ﬁred at 1600 ◦C were 980 MPa
nd 5.6 S/m respectively, which were higher than the values of CNT-
ispersed Si3N4 ceramics ﬁred at 1600 ◦C that Yoshio et al. obtained
y bead milling [28]. These improvements resulted from the addi-
ion of HfO2 as a sintering aid. The fracture toughness and Vickers
ardness of the bead-milled CNT-dispersed Si3N4 ceramics were as
igh as those of the ball-milled CNT-dispersed Si3N4 ceramics.
In order to understand how bead milling improved the strength
f the CNT-dispersed Si3N4 ceramics, the origins of fractures in the
eramic samples were observed. Fig. 3 shows the SEM images of
he fracture origins of the samples with 1.0 wt.% CNTs prepared by
a) bead milling and (b) ball milling and ﬁred at 1600 ◦C. A fracture
rigin in the sample prepared by ball milling was a large agglom-
rate of CNTs with a diameter of over 30 m,  which resulted from
nsufﬁcient dispersion of the CNTs. Consequently, the strength of
he CNT-dispersed Si3N4 ceramics was degraded in the ball-milled
ample. On the other hand, a fracture origin of the CNT-dispersed
b
bTs prepared by (a) bead milling and (b) ball milling and then ﬁred at 1600 ◦C.
i3N4 ceramics prepared by bead milling was  a pore or a region of
nsufﬁcient densiﬁcation, which was smaller than the agglomerate
f CNTs in the ball-milled sample. The decrease in the size of the
racture origin resulted in a bending strength that was  as high that
f the Si3N4 ceramics without CNTs (as shown in Fig. 3a).
Uematsu et al. reported that observation of the internal struc-
ure by transparent optical microscopy was very effective in the
etection of all but a few large defects that controlled the strength
n the ceramics [30,31]. However, such an observation under vis-
ble light was  not suitable for the CNT-dispersed Si3N4 ceramics
ecause Si3N4 has a high reﬂective index and CNTs easily absorb
isible light. In this study, the transmission mode of infrared
icroscopy [32] was applied to observe the internal structure of
he CNT-dispersed Si3N4 ceramics. Fig. 4 shows the infrared micro-
cope images of the internal structure of the samples with 1.0 wt.%
NTs fabricated by (a) bead milling and (b) ball milling and then
red at 1600 ◦C. The darker regions in the photographs should cor-
espond to the regions with higher concentrations of CNTs. In the
NT-dispersed Si3N4 ceramics prepared by ball milling, there was
 large darker region measuring over 30 m,  which was similar
o the size of a fracture origin on the fracture surface. This means
hat there were many large agglomerates of CNTs in the sample
repared by ball milling. On the other hand, there was no such
arge darker region in the CNT-dispersed Si3N4 ceramics prepared
y bead milling, i.e., the ceramics had a more homogeneous inner
tructure. It was found that the higher strength of the bead-milled
ample resulted from the homogeneous structure.
. ConclusionsIn this study, CNT-dispersed Si3N4 ceramics were fabricated
y adding HfO2 for lower-temperature densiﬁcation and using
ead milling for homogeneous dispersion of CNTs. The relative
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ensities of the samples fabricated by bead milling were higher
han those of the samples fabricated by ball milling. The bending
trength and electrical conductivity of the CNT-dispersed Si3N4
eramics with 1.0 wt.% CNTs ﬁred at 1600 ◦C were 980 MPa  and
.6 S/m, which were higher than those of the samples prepared in
 previous study. The bending strength of the CNT-dispersed Si3N4
eramics fabricated by bead milling was improved from those of
amples fabricated by ball milling because of pulverization of the
NT agglomerates. Bead milling together with the addition of HfO2
s an effective process to improve the strength of CNT-dispersed
i3N4 ceramics.
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